Abstract -This letter describes the performance of a dual band textile antenna under two dimensional crumpling conditions. Both input impedance and radiation patterns are investigated based on numerical and experimental methods at 2.45 GHz and 5.8 GHz. The return loss for the coplanar antenna is affected by the most severe crumpling at the higher frequency band while the radiation patterns remain acceptable at both bands.
Introduction:
Recently, there has much interest in body worn communication systems and consequently textile antennas. Several authors have described the use of flexible materials to integrate antennas into clothing [1, 2] while in [3] a dual band antenna integrated with a high impedance surface was presented. However, under an on-body environment it is difficult to keep the antenna flat all of the time especially for elements made of textile materials. Therefore, it is necessary to evaluate an antenna's performance under bending and crumpling conditions. Previous research has mainly concentrated on the measurement of wearable antenna bending effects [4] [5] [6] [7] . In this paper, we present the measured effects of multiple bending or crumpling in two dimensions under controlled conditions for a dual-band coplanar textile antenna covering the 2.45 GHz and the 5.8 GHz wireless networking bands. Simulations were also carried out and found to be in good agreement with the measurements although these are not presented here due to space restrictions and for clarity. Fig. 1 presents the geometry of the dual-band coplanar waveguide fed (CPW) antenna used in the study, which operates at 2.4GHz and 5.8GHz. The antenna is a coplanar design consisting of an inner patch, operating at the high frequency band, surrounded by a parasitic rectangular ring element resonating at 2.45 GHz with another outer rectangular ring connected as the ground [3] . The antenna measured 55mm x 55mm and was manufactured on a flexible felt substrate with a dielectric constant ε r = 1.38 and conducting "Zelt" fabric was used for the conductors.
Fig. 1 Geometry of the dual-band CPW antenna
Crumpling: In practical situations for a textile antenna integrated into clothing on the human body the antenna may be located in a variety of places, perhaps the main torso or on an arm or leg. As the person takes up various positions the garment and potentially the antenna will be crumpled particularly near the joints. Under these conditions the type of crumpling shown in Fig.2 may take place. The two crumpled cases represent a typical bending/crumpling pattern caused when the arm is bent at the elbow. In Fig.2 the flat antenna measuring 55mm x 55mm is shown together with the antenna which has been initially crumpled so that the antenna aperture measured 37mm x 55mm and the crumpling depth was 5mm. A very severe case is also shown where the aperture is reduced in one plane to just 22.0 mm and the crumpling depth was 10mm. In order to measure the resulting reflection loss and radiation patterns two pairs of formers/moulds were made 20mm thick from Rhocell foam with ε r = 1.06. The antenna was sandwiched between the two moulds to crumple the antennas in a fixed and controllable manner. The measured antenna reflection coefficient results for the three cases shown in Fig.2 are plotted in Fig.3 . Comparing the antenna under flat conditions and under crumpled conditions, both the resonant bands of the antenna were affected to some degree. At the lower frequency band the resonance remains very close to 2.4 GHz in all three cases but the reflection coefficient reduces with crumpling depth from -25 dB for the flat antenna to -14 dB for the worst crumpled case (22mm aperture) with a corresponding reduction in the bandwidth from 400 MHz to 250 MHz at the -10 dB points. At the upper band crumpling the antenna by 5mm (37.5mm aperture) only affects the resonant frequency by about 100 MHz but for the 10mm crumple the best reflection coefficient is seen at 3.8 GHz and the reflection coefficient reduces to -7 dB at 5.8 GHz. Nevertheless the antenna's performance would still be acceptable for many applications. Finally the E-plane radiation patterns measured in our anechoic chamber for the three cases are plotted in Fig.4 for the lower frequency band at 2.45 GHz where the antenna is physically largest. For the flat antenna the radiation pattern was as expected with nulls near +/-90°. Crumpling the antenna in the 38.5mm case maintains the overall shape of the pattern with little change in the gain. As the crumpling becomes severe the side nulls fill in and the pattern is more omni-directional with some distortion and loss of gain in the forward and reverse directions. However, overall the radiation patterns remain fairly robust to the severe crumpling. The performance at 5.8 GHz was not affected as much as at the lower band perhaps because the main inner radiating part of the antenna was much smaller electrically at this higher frequency.
Conclusions:
The paper has presented the performance of a wearable coplanar antenna under realistic two dimensional crumpling conditions at 2.45 GHz and 5.8 GHz. The resonant frequencies of the dual band antenna changed little with crumpling at the low frequency band although the measured reflection coefficient reduced in the worst case with a loss in bandwidth from 400 MHz for the flat antenna to 250 MHz for the most severely crumpled case. At the high band the reflection coefficient for the most severely crumpled antenna reduced to -7 dB but this would still be acceptable for many applications. The measured radiation patterns showed that overall the performance of the coplanar antenna under crumpling conditions remained robust.
